Introduction {#Sec1}
============

The three main production modes of single top quarks and antiquarks in proton--proton (pp) collisions occur via electroweak interactions and are commonly categorised through the virtuality of the exchanged $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}$$\end{document}$  boson four-momentum. They are called *t* channel (*t* ch) when the four-momentum is space-like, *s* channel when it is time-like, and $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{tW}} $$\end{document}$) when the four-momentum is on shell. At the CERN LHC, the production via the *t* channel has the largest cross section of the three modes whose most-relevant Born-level Feynman diagrams are shown in Fig. [1](#Fig1){ref-type="fig"}. In the rest of this paper, "quark" is used to generically denote a quark or an antiquark, unless otherwise specified.Fig. 1Born-level Feynman diagrams for single top quark production in the *t* channel. Corresponding diagrams also exist for single top antiquark production
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                \begin{document}$$t\text {-channel}$$\end{document}$ production process was first observed by the D0 and CDF experiments at the Tevatron \[[@CR1], [@CR2]\]. Its inclusive cross section has been measured with high precision at the CERN LHC by the ATLAS and CMS Collaborations at $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$  \[[@CR3]--[@CR8]\]. Differential cross sections have been determined as well at 7 and 8$\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$  \[[@CR3], [@CR5], [@CR9]\].

Differential cross section measurements can contribute to constraining the effective field theory operators \[[@CR10]\], the top quark mass, the renormalisation and factorisation scales, and the parton distribution functions (PDFs) of the proton \[[@CR11]\]. In particular, the ratio of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\text {-channel}$$\end{document}$ top quark to antiquark production is sensitive to the ratio of the up to down quark content of the proton \[[@CR12], [@CR13]\]. Furthermore, differential angular distributions can be used to assess the electroweak coupling structure at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}$$\end{document}$tb vertex. A "vector−axial-vector" (V−A) coupling is predicted in the standard model (SM), leading to the production of highly polarised top quarks \[[@CR14]--[@CR16]\]. A powerful observable to investigate the coupling structure in $\documentclass[12pt]{minimal}
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                \begin{document}$$t\text {-channel}$$\end{document}$ production is given by the top quark polarisation angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta _{\mathrm{pol}}^\star $$\end{document}$, defined via$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \cos \theta _{\mathrm{pol}}^\star = \frac{\vec {p}_{{{\text {q}}}^{\prime }}^{\star }\cdot \vec {p}_{{\ell }{}{}}^{\star }}{|\vec {p}_{{{\text {q}}}^{\prime }}^{\star } | |\vec {p}_{{\ell }{}{}}^{\star } |}, \end{aligned}$$\end{document}$$where the superscript signifies that the momenta of the charged lepton, $\documentclass[12pt]{minimal}
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                \begin{document}$${\ell }{}{} $$\end{document}$ (muon or electron), from the top quark decay, and the spectator quark, $\documentclass[12pt]{minimal}
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                \begin{document}$${{\text {q}}}^{\prime } $$\end{document}$, are calculated in the top quark rest frame. The normalised differential cross section as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$\cos \theta _{\mathrm{pol}}^\star $$\end{document}$ at the parton level is related to the top quark polarisation, *P*, as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{1}{\sigma }\frac{\text {d}\sigma }{\text {d}\cos \theta _{\mathrm{pol}}^\star }=\frac{1}{2}\left( 1+2 A_{{\ell }{}{}}\cos \theta _{\mathrm{pol}}^\star \right) , A_{{\ell }{}{}}=\frac{1}{2}P\alpha _{{\ell }{}{}}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$A_{{\ell }{}{}}$$\end{document}$ denotes the spin asymmetry and $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _{{\ell }{}{}}$$\end{document}$ is the so-called spin-analysing power of the charged lepton \[[@CR16]\]. The spin asymmetry and/or polarisation have been measured in $\documentclass[12pt]{minimal}
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                \begin{document}$${\text {p}{}{}} {\text {p}{}{}} $$\end{document}$ collision data by the ATLAS and CMS Collaborations at $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Te}\text {V}$$\end{document}$ using various analysis techniques \[[@CR9], [@CR17], [@CR18]\].

In this paper, the differential cross section of combined single top quark and antiquark production in the *t* channel is measured by the CMS experiment at $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Te}\text {V}$$\end{document}$ as a function of the top quark transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}} $$\end{document}$), rapidity, and polarisation angle, the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}} $$\end{document}$ and rapidity of the charged lepton that originates from the top quark decay, and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{}$$\end{document}$  boson from the top quark decay. The spin asymmetry is further determined from the measured differential cross section with respect to the polarisation angle. Additionally, a measurement of the differential charge ratio is performed as a function of the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}} $$\end{document}$ and rapidities of the top quark and charged lepton, and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{}$$\end{document}$  boson. Differential cross sections are measured at both the parton and particle levels using an unfolding procedure.

The analysis strategy and the structure of the paper are outlined in the following. A brief description of the CMS detector is given in Sect. [2](#Sec2){ref-type="sec"}, followed by a summary of the analysed data and simulated event samples in Sect. [3](#Sec3){ref-type="sec"}. The reconstruction of physics objects and the event selection are detailed in Sect. [4](#Sec4){ref-type="sec"}. To determine the contributions from signal and backgrounds a maximum-likelihood fit (ML) is performed separately in each bin of the measurement. In the fit, shape distributions, referred to in the following as templates, are fitted to the data. For the signal and all background processes, samples of simulated events are used to determine the shape distributions, except for the templates of events containing only jets produced through the strong interaction, which are referred to as "multijet" events in this paper. The procedure to estimate the templates of multijet events based on data in a sideband region is provided in Sect. [5](#Sec5){ref-type="sec"}. Section [6](#Sec6){ref-type="sec"} describes the measurement of the number of $\documentclass[12pt]{minimal}
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                \begin{document}$$t\text {-channel}$$\end{document}$ single top quark events from data through an ML fit. In the fit, statistical and experimental systematic uncertainties are profiled, where the latter encompasses uncertainties related to the reconstruction, identification, and calibration of the selected events and physics objects. The resulting distributions of the observables are validated in control and signal regions in Sect. [7](#Sec7){ref-type="sec"}. The fit results are input to an unfolding procedure to determine the differential cross sections and charge ratios at the parton and particle levels, as detailed in Sect. [8](#Sec8){ref-type="sec"}. The sources of experimental and theoretical systematic uncertainties are described in Sect. [9](#Sec9){ref-type="sec"}. The results are presented in Sect. [10](#Sec10){ref-type="sec"} and the paper is summarised in Sect. [11](#Sec11){ref-type="sec"}.

The CMS detector and event reconstruction {#Sec2}
=========================================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {m}$$\end{document}$ internal diameter, providing a magnetic field of 3.8$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters (HF) extend the pseudorapidity ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$) coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionisation chambers embedded in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR19]\].

The particle-flow (PF) algorithm \[[@CR20]\] aims to reconstruct and identify each particle in an event with an optimised combination of information from various elements of the CMS detector. The energy of electrons is estimated from a combination of the electron momentum at the primary interaction vertex, as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with originating from the electron track. The energy of muons is obtained from the curvature of a global track estimated from reconstructed hits in the inner tracker and muon systems. The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits. Finally, the energy of neutral hadrons is obtained from the corresponding ECAL and HCAL energy deposits. In the regions $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |>3$$\end{document}$, electromagnetic and hadronic shower components are identified in the HF.

Events of interest are selected using a two-tiered trigger system \[[@CR21]\]. The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors whereas a version of the full event reconstruction software optimised for fast processing is performed at the second level, which runs on a farm of processors.

The missing transverse momentum vector, $\documentclass[12pt]{minimal}
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                \begin{document}$${\vec p}_{\mathrm{T}}^{\text {miss}}$$\end{document}$, is defined as the projection onto the plane perpendicular to the beams of the negative vector momentum sum of all PF candidates in an event. Its magnitude is referred to as $\documentclass[12pt]{minimal}
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Data set and simulated samples {#Sec3}
==============================

The analysed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm{T}} >24$$\end{document}$ $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.1$$\end{document}$, with additional requirements \[[@CR23]\] that select genuine electrons with an efficiency of about 80%.

Various samples of simulated events are used in this measurement to evaluate the detector resolution, efficiency, and acceptance, estimate the contributions from background processes, and determine the differential cross sections at the parton and particle levels.

Single top quark events in the *t* channel are simulated at next-to-leading order (NLO) in the four-flavour scheme (4FS) with [powheg]{.smallcaps}  v2 \[[@CR24], [@CR25]\] interfaced with [pythia]{.smallcaps} v8.212 \[[@CR26]\] for the parton shower simulation, using the CUETP8M1 \[[@CR27]\] tune interfaced with [madspin]{.smallcaps}  \[[@CR28]\] for simulating the top quark decay. For comparison, alternative NLO $\documentclass[12pt]{minimal}
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                \begin{document}$$t\text {-channel}$$\end{document}$ samples have been generated in the 4FS and five-flavour scheme (5FS), using [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} v2.2.2 \[[@CR29]\] interfaced with [pythia]{.smallcaps}.

The [powheg]{.smallcaps}  v2 generator is also used to simulate events from top quark pair production ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\bar{\mathrm {t}}$$\end{document}$) at NLO. Parton showering is simulated with [pythia]{.smallcaps} using the CUETP8M2T4 tune \[[@CR30]\]. The production of single top quark events via the tW channel is simulated at NLO using [powheg]{.smallcaps}  v1 \[[@CR31]\] in the 5FS interfaced with [pythia]{.smallcaps} using the CUETP8M1 tune for the parton shower simulation. The overlap with top quark pair production is removed by applying the diagram removal scheme \[[@CR32]\]. Samples of $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{} \text {+jets}$$\end{document}$ events are generated with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} v2.3.3 at NLO, and interfaced with [pythia]{.smallcaps} using the CUETP8M1 tune. The production of leptonically decaying $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{}$$\end{document}$  bosons in association with jets is simulated with up to two additional partons at the matrix element level, and the FxFx scheme \[[@CR33]\] is used for jet merging. Lastly, $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {Z}{}{}/{{\upgamma }{}{}} ^{*}\text {+jets}$$\end{document}$ events are generated with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} v2.2.2 at leading order (LO), interfaced with [pythia]{.smallcaps} using the MLM jet matching scheme \[[@CR34]\].

In these simulated samples, the NNPDF3.0 \[[@CR35]\] NLO set is used as the default PDF, and a nominal top quark mass of 172.5$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Ge}\text {V}$$\end{document}$ is chosen where applicable. The simulated events are overlaid with additional collision interactions ("pileup") according to the distribution inferred from the data. All generated events undergo a full [Geant4]{.smallcaps}  \[[@CR36]\] simulation of the detector response.
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {pb}$$\end{document}$ for the top antiquark, calculated for a top quark mass of 172.5$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Ge}\text {V}$$\end{document}$ at NLO in quantum chromodynamics (QCD) using the [hathor]{.smallcaps} v2.1 \[[@CR11], [@CR37]\] program. The PDF and the strong coupling constant ($\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S $$\end{document}$) uncertainties are calculated using the PDF4LHC prescription \[[@CR38], [@CR39]\] with the MSTW2008 NLO 68% confidence level \[[@CR40], [@CR41]\], CT10 \[[@CR42]\] NLO, and NNPDF2.3 \[[@CR43]\] NLO PDF sets, and are added in quadrature with the renormalisation and factorisation scale uncertainty. The simulated samples of single top quark and antiquark events employed in this measurement---generated with similar settings---were normalised using the predicted cross sections above. Predictions at next-to-next-to-leading order are available as well \[[@CR12]\] and are 3% smaller than the corresponding cross sections at NLO. However, these are not utilised since they have been calculated using a different PDF set and top quark mass value.

Event selection {#Sec4}
===============

Proton--proton collision events containing one isolated muon or electron and two or three jets are analysed. This signature selects events where the $\documentclass[12pt]{minimal}
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Events are rejected if additional muon or electron candidates passing looser selection criteria are present. The selection requirements for these additional muons/electrons are as follows: looser identification and isolation criteria, $\documentclass[12pt]{minimal}
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To reduce the large background from $\documentclass[12pt]{minimal}
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Corrections are applied to the simulated events to account for known differences with respect to data. Lepton trigger, reconstruction, and identification efficiencies are estimated with a "tag-and-probe" method \[[@CR50]\] from $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ of the selected jets. The scale factors are estimated by dedicated analyses performed with independent data samples \[[@CR49]\]. In particular, the mistagging rate of non-b jets in data is determined using the "negative-tag" method \[[@CR51]\]. A smearing of the jet momenta is applied to account for the known difference in jet energy resolution in simulation compared to data. The profile of pileup interactions is reweighted in simulation to match the one in data derived from the measured instantaneous luminosity.

To classify signal and control samples of events, different event categories are defined, denoted "*N*j*M*b ", where *N* is the total number of selected jets (2 or 3) and *M* is the number of those jets passing the b  tagging requirement (0, 1, or 2). The 2j1b category has the highest sensitivity to the signal yield, whereas the 2j0b and 3j2b categories, enriched in background processes with different compositions, are used to assess the background modelling.

One top quark candidate is reconstructed per event in the 2j1b signal category assuming $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\text {-channel}$$\end{document}$ single top quark production. The procedure commences by first reconstructing the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {W}{}{}$$\end{document}$  boson. The component of the neutrino candidate momentum along the beam direction $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{z}$$\end{document}$ is found by imposing a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {W}{}{}$$\end{document}$  boson mass constraint (80.4$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$${\vec p}_{\mathrm{T}}^{\text {miss}} $$\end{document}$, the latter being interpreted as the projection in the transverse plane of the four-momentum of the unknown neutrino, as in Ref. \[[@CR52]\]. The four-momentum of the top quark candidate (from which its mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}} $$\end{document}$, and rapidity are derived) is then calculated as the vector sum of the four-momenta of the charged lepton, the b-tagged jet, and the neutrino candidate. The other (nontagged) jet is interpreted as originating from the spectator quark, which recoils against the $\documentclass[12pt]{minimal}
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Multijet background estimation {#Sec5}
==============================

Since the probability for a simulated multijet event to mimic the final state of the signal process is very small, it becomes impractical to simulate a sufficiently large number of events for this background. Therefore, the background from multijet events in the analysis phase space region is estimated in a two-step procedure based on data in a sideband region. First, templates of the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm{T}} (\text {W}{}{}) $$\end{document}$ distribution from multijet events are obtained from data in a sideband region. Their normalisations are then estimated in a second step through a template-based ML fit to the events in the 2j1b and 3j2b categories, simultaneously with the number of signal events, as described in Sect. [6](#Sec6){ref-type="sec"}. In this section, a dedicated ML fit is discussed that is performed on events in the 2j0b category only for validating the procedure. The outcome of this ML fit is not used further in the measurement.

In the muon channel, the sideband region is defined by inverting the muon isolation requirement ($\documentclass[12pt]{minimal}
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                \begin{document}$$I_{\mathrm{rel}}^{{{\upmu }{}{}}} >20\%$$\end{document}$), which results in a region dominated by multijet events. In the electron channel, the electron candidate is required to fail loose identification criteria, yielding a sideband region consisting not only of nonisolated electrons but also of electrons that fail the photon conversion criteria or are accompanied by large amounts of bremsstrahlung, thus reflecting a combination of various effects. The templates used in the ML fit are determined for this category by subtracting the contamination from other processes, estimated using simulation and which amounts to about 10 (5)% in the muon (electron) channel, from the data.

The template shapes have been validated for various observables in the 2j0b $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{} \text {+jets}$$\end{document}$ control category where the fraction of selected multijet events amounts to approximately 10 (20)% for muon (electron) events, which is comparable to those in the signal category. The $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm{T}} (\text {W}{}{}) $$\end{document}$ distributions are shown in Fig. [2](#Fig2){ref-type="fig"} for the muon (left) and electron (right) channel after the multijet templates (extracted from data) and the templates of the processes with prompt leptons (extracted from the simulated events) have been normalised to the result of a dedicated ML fit using only events in the 2j0b category. This dedicated fit encompasses only two components, which are the multijet template whose yield is unconstrained in the fit, and all other processes grouped together, with a constraint of $\documentclass[12pt]{minimal}
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                \begin{document}$${\pm }30\%$$\end{document}$ on their combined yield using a log-normal prior. The fit is performed while simultaneously profiling the impact of experimental systematic uncertainties (as discussed in Sect. [9](#Sec9){ref-type="sec"}) affecting the yield and shape of the templates. After the fit, the derived multijet templates and the simulated samples in both channels are found to describe the distributions of data well, thus validating the procedure for estimating the contribution of multijet events from data. For the measurement, the normalisations of the multijet templates in the 2j1b and 3j2b categories are estimated using a different procedure, as described in Sect. [6](#Sec6){ref-type="sec"}.Fig. 2Distributions of the transverse $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{}$$\end{document}$  boson mass in the 2 jets, 0 b  tag control category for the (left) muon and (right) electron channels after scaling the simulated and multijet templates to the result of a dedicated ML fit performed on this category of events. The hatched band displays the fit uncertainty. The lower plots give the ratio of the data to the fit results. The right-most bins include the event overflows

Signal yield estimation {#Sec6}
=======================
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                \begin{document}$$t\text {-channel}$$\end{document}$ single top quark events in data is determined from an ML fit using the distributions of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm{T}} (\text {W}{}{}) $$\end{document}$ and of two boosted decision tree (BDT) discriminants in the 2j1b category, and the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm{T}} (\text {W}{}{}) $$\end{document}$ distribution in the 3j2b category. Simultaneously, the background yields and the impact of the experimental systematic uncertainties, modelled using nuisance parameters that influence yield and shape, are profiled.
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                \begin{document}$$\text {W}{}{} \text {+jets}$$\end{document}$, and multijet events using corresponding samples of simulated events. The following five observables have been chosen as input:the absolute value of the pseudorapidity of the untagged jet, $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta \text {--}\phi $$\end{document}$ space ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta R$$\end{document}$) between the b-tagged and the untagged jet, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\mathrm {BDT}_{t\text {-ch}}$$\end{document}$ discriminant is presented in Fig. [3](#Fig3){ref-type="fig"} (left).
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                \begin{document}$$C=3(\lambda _1\lambda _2+\lambda _1\lambda _3+\lambda _2\lambda _3)$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _1+\lambda _2+\lambda _3=1$$\end{document}$. In the two most extreme cases, the event shape *C* vanishes for perfectly back-to-back dijet events ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {BDT}_{\mathrm {t}\bar{\mathrm {t}}/\text {W}{}{}}$$\end{document}$ discriminant distribution is displayed in Fig. [3](#Fig3){ref-type="fig"} (right).Fig. 3Distributions of the BDT discriminants in the 2 jets, 1 b  tag category: (left) $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {W}{}{} \text {+jets}$$\end{document}$ events in a background-dominated category. Events in the muon and electron channels have been summed. The predictions have been scaled to the result of the inclusive ML fit and the hatched band displays the fit uncertainty. The regions of the distributions used in the fits are indicated in the lower panels, which show the ratio of the data to the fit result

The ML fit is performed using the following four distributions from events in various categories:the $\documentclass[12pt]{minimal}
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Experimental systematic uncertainties, as detailed in Sect. [9](#Sec9){ref-type="sec"}, are profiled in the fit simultaneously with the yields and charge ratios. Each source is assigned a nuisance parameter according to which the shape and yield of the fit templates are modified.

The resulting event yields from a simultaneous fit to the data in the muon and electron channels are listed in Table [1](#Tab1){ref-type="table"}. Overall, the distributions used in the fit, shown in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, are found to be well modelled by the samples of simulated events and the multijet templates from data after normalising them to the fit result.Table 1Measured and observed event yields in the 2j1b category for each lepton channel and charge. The uncertainties in the yields are the combination of statistical and experimental systematic uncertaintiesProcess$\documentclass[12pt]{minimal}
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For each differential cross section measurement, the observable of interest is divided into intervals, discussed in Sect.  [8](#Sec8){ref-type="sec"}, and a fit is performed in which the signal and background yields can vary independently in each of the intervals. The likelihood*L* to be maximised in such fits can be expressed as $$\documentclass[12pt]{minimal}
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Since the kinematic selection of electron events is restricted to $\documentclass[12pt]{minimal}
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Validation of signal and background modelling {#Sec7}
=============================================

The distributions of the observables that are unfolded are validated by comparing the predictions to the data in a background-dominated as well as in a signal-enriched region before unfolding. Both regions are defined for events in the 2j1b category that also satisfy $\documentclass[12pt]{minimal}
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The resulting distributions in both regions for all six observables that are unfolded are shown in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"} after the predictions have been scaled to the inclusive fit result. Overall good agreement between the data and the fit result is observed in the background-dominated region, thus validating the modelling of the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$. Events in the muon and electron channels have been summed. The predictions have been scaled to the result of the inclusive ML fit and the hatched band displays the fit uncertainty. The plots on the left give the number of events per bin, while those on the right show the number of events per bin divided by the bin width. The lower panel in each plot gives the ratio of the data to the fit results. The right-most bins include the event overflows Fig. 6Distributions of the observables in a (left column) background-dominated and a (right column) signal-enriched region for events passing the 2 jets, 1 b  tag selection: (upper row) top quark rapidity; (middle row) charged lepton rapidity; (lower row) cosine of the top quark polarisation angle. Events in the muon and electron channels have been summed. The predictions have been scaled to the result of the inclusive ML fit and the hatched band displays the fit uncertainty. The plots on the left give the number of events per bin, while those on the right show the number of events per bin divided by the bin width. The lower panel in each plot gives the ratio of the data to the fit results

Unfolding {#Sec8}
=========

The distributions from reconstructed events are affected by the detector resolution, selection efficiencies, and kinematic reconstruction, which lead to distortions with respect to the corresponding distributions at the parton or particle levels. The size of these effects varies with the event kinematics. In order to correct for these effects and determine the parton- and particle-level distributions, an unfolding method is applied to the reconstructed distributions. In this analysis, the [tunfold]{.smallcaps} algorithm \[[@CR57]\] is chosen, which treats unfolding as a minimisation problem of the function$$\documentclass[12pt]{minimal}
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A penalty term, based on the curvature of the unfolded spectrum \[[@CR58], [@CR59]\] encoded in the matrix $\documentclass[12pt]{minimal}
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The parton-level top quark in simulation is defined as the generated on-shell top quark after quantum electrodynamic (QED) and QCD radiation, taking into account the intrinsic transverse momentum of initial-state partons. Events are required to contain either a muon or an electron from the top quark decay chain. This also includes muons or electrons from intermediately produced $\documentclass[12pt]{minimal}
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The top quark at the particle level (called "pseudo top quark") is defined in simulated events by performing an event reconstruction based on the set of stable simulated particles after hadronisation \[[@CR60]\]. In the context of this study, all particles with a lifetime of more than 30$\documentclass[12pt]{minimal}
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The size of the binning intervals are chosen to minimise the migrations between the reconstructed bins while retaining sensitivity to the shapes of the distributions. The stability (purity) is defined as the probability that the parton- or particle-level (reconstructed) values of an observable within a certain range also have their reconstructed (parton-/particle-level) counterparts in the same range. Both quantities are found to be greater than or equal to 50% in most bins of all distributions, with the exception of a few bins at the parton level where purity and stability drop to 40%, and the first two bins of the polarisation angle distribution at the parton level where both quantities drop to about 25%. The stability and purity values are about 10% larger for the particle-level distributions than for the parton-level ones. The acceptance times efficiency for selecting $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec9}
========================

The measurements are affected by various sources of systematic uncertainty. For each systematic variation, new templates and response matrices are derived. Systematic variations can create correlations between the $\documentclass[12pt]{minimal}
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The following experimental systematic uncertainties are profiled in the ML fit.Background composition: As described in Sect. [6](#Sec6){ref-type="sec"}, the $\documentclass[12pt]{minimal}
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An overall good agreement of the results with the predictions from the 4FS is observed, except for a slight deviation at low top quark $\documentclass[12pt]{minimal}
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The results are compared to various next-to-leading-order predictions, and found to be in good agreement. Furthermore, the top quark spin asymmetry, which is sensitive to the top quark polarisation, has been measured using the differential cross section as a function of the top quark polarisation angle at the parton level. The resulting value of $\documentclass[12pt]{minimal}
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These results demonstrate a good understanding of the underlying electroweak production mechanism of single top quarks at $\documentclass[12pt]{minimal}
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